Industrial production of lactic acid with the current pyruvate decarboxylase-negative Saccharomyces cerevisiae strains requires aeration to allow for respiratory generation of ATP to facilitate growth and, even under nongrowing conditions, cellular maintenance. In the current study, we observed an inhibition of aerobic growth in the presence of lactic acid. Unexpectedly, the cyb2⌬ reference strain, used to avoid aerobic consumption of lactic acid, had a specific growth rate of 0.25 h ؊1 in anaerobic batch cultures containing lactic acid but only 0.16 h ؊1 in identical aerobic cultures. Measurements of aerobic cultures of S. cerevisiae showed that the addition of lactic acid to the growth medium resulted in elevated levels of reactive oxygen species (ROS). To reduce the accumulation of lactic acid-induced ROS, cytosolic catalase (CTT1) was overexpressed by replacing the native promoter with the strong constitutive TPI1 promoter. Increased activity of catalase was confirmed and later correlated with decreased levels of ROS and increased specific growth rates in the presence of high lactic acid concentrations. The increased fitness of this genetically modified strain demonstrates the successful attenuation of additional stress that is derived from aerobic metabolism and may provide the basis for enhanced (micro)aerobic production of organic acids in S. cerevisiae.
Lactic acid is an organic acid with a wide range of applications. In the food industry, lactic acid has traditionally been used as an antimicrobial as well as a flavor enhancer. Besides having applications in textile, cosmetic, and pharmaceutical industries (5) , lactic acid has been applied for the manufacture of lactic acid polymers (11, 40) . These polymers have properties that are similar to those of petroleum-derived plastics. Skyrocketing oil prices caused by dwindling fossil fuel reserves coupled with pressures to tackle environmental issues are creating increased demand for bioderived, and often biodegradable, polymers, such as poly-lactic acid.
Current industrial lactic acid fermentations are based on different species of lactic acid bacteria. These bacteria have complex nutrient requirements due to their limited ability to synthesize B vitamins and amino acids (8) and are intolerant to acidic conditions with a pH between 5.5 and 6.5 required for growth (40) . Acidification of the growth medium during lactic acid fermentation is typically counteracted by the addition of neutralizing agents (e.g., CaCO 3 ), resulting in the formation of large quantities of insoluble salts, such as gypsum, during downstream processing.
Saccharomyces cerevisiae has received attention as a possible alternative biocatalyst. This organism is relatively tolerant to low pH and has simple nutrient requirements. The production of lactic acid with metabolically engineered S. cerevisiae was achieved by introducing a NAD ϩ -dependent lactate dehydrogenase, leading to the simultaneous formation of both ethanol and lactate (1a, 12, 31, 32, 36) . Further improvements were made by constructing a pyruvate decarboxylase-negative (Pdc Ϫ ) S. cerevisiae strain (1a, 31, 44) that converted glucose to lactic acid as the sole fermentation product.
Although the redox balance and ATP generation in lactic acid fermentation are analogous to those in alcoholic fermentation, engineered homolactic S. cerevisiae strains could not sustain anaerobic growth (44) . In addition, the lactate formation rate under anaerobic conditions in the presence of excess glucose was significantly lower than the specific ethanol production rate of the wild-type strain. Moreover, exposure of the anaerobic cell suspension to oxygen immediately led to a 2.5-fold increase in the lactate formation rate. The stimulatory effect of oxygen on lactic acid fermentation may reflect an energetic constraint in lactate fermentation, probably as a consequence of energy-dependent product export (42, 44) . In agreement with this hypothesis, intracellular ATP concentrations and the related energy charge decrease rapidly during anaerobic homolactic fermentation by S. cerevisiae (1) . Consequently, industrial production of lactic acid with S. cerevisiae may require (micro)aerobic conditions to allow for the generation of sufficient ATP to enable cell growth and, even under nongrowing conditions, maintenance.
The formation of reactive oxygen species (ROS) during cellular respiration is an unavoidable side effect of aerobic life relying on oxygen as the final electron acceptor. At least 2% of oxygen consumed in mitochondrial respiration undergoes only one electron reduction, mainly by the semiquinone form of coenzyme Q, generating superoxide radicals (O 2 ⅐ Ϫ ) (26) . In addition, the prooxidant effects of organic acids have been demonstrated using sod mutants (30 (15, 23, 33) . More recently, catalase has also been implicated in response to acetic acid tolerance and acetic acidinduced programmed cell death (17, 47) . The goals of the present study were to assess the in vivo relevance of lactate-mediated oxidative stress in S. cerevisiae and to investigate whether its effects could be ameliorated by enhanced expression of catalase.
MATERIALS AND METHODS
Strain construction. The S. cerevisiae strains used in this work were isogenic members of the CEN.PK family (41) . Chromosomal integrations were generated in the genetic background of the uracil-auxotrophic strain CEN.PK 113-5D (MATa ura3 HIS3 LEU2 TRP1 MAL2-8c SUC2). Since this strain is able to consume lactate under aerobic conditions due to the activity of lactate cytochrome c oxidoreductase (cyb2p), the CYB2 gene was knocked out to eliminate lactate consumption and ensure a constant stress level. The cyb2⌬ strain was constructed using a disruption cassette obtained with primer pair CYB2-KO-FW/CYB2-KO-RV (Table 1 ) and pUG6 (18) . This strain served as a platform for further genetic modification described below. Promoter integration cassettes were obtained by amplification of kanMX using pUG6 as a template (18) and specific primers containing sequences homologous to the targeted genes. In order to obtain promoter replacement cassettes containing the TPI1 promoter, this promoter was amplified from pYX222 (R&D Systems Europe Ltd., United Kingdom) using the primers TPI1-Prom-FW and TPI1-Prom-RV ( Table 1 ). The 600-bp PCR product was cloned between the SfiI and SacII sites of pUG6. The resulting PCR template plasmid pUG6-TPI1prom was used for amplification of the kanMX-TPI1 promoter replacement cassettes containing sequences homologous to the upstream region of the targeted open reading frames.
Transformations were performed using a protocol for high-efficiency transformation of yeast (7). After transformation with plasmids, cells were plated on synthetic media. Cultures transformed with integration cassettes were plated on yeast extract-peptone-dextrose containing G418 (200 g/ml). Confirmation of successful integration was performed by diagnostic PCR.
All stock cultures were grown in shake flasks containing 100 ml synthetic medium with 2% (wt/vol) of D-glucose as a carbon source (as described below). At the end of the exponential phase, 20% (vol/vol) glycerol was added, and 2-ml aliquots were stored at Ϫ80°C.
Growth medium and batch cultivation. Each strain was precultured in synthetic medium containing 5.0 g (NH 4 ) 2 SO 4 , 3.0 g KH 2 PO 4 , 0.5 g MgSO 4 ⅐ 7H 2 O, and 1 ml trace element solution per liter of demineralized water (45) . The initial pH was set to 6.0 using 2 M KOH. After sterilization at 120°C for 30 min, filter-sterilized vitamin solution, as described previously by Verduyn et al. (45) , was added. Glucose solution was prepared and sterilized separately (110°C, 20 min) and added to the autoclaved medium to a final concentration of 2% (wt/vol) as a carbon source.
Batch cultivations were conducted in identical synthetic media with the addition of 50 l liter Ϫ1 silicon antifoam (BDH, Poole, United Kingdom) to prevent excessive foaming. Lactic acid was added to a final concentration of 500 mM, and the initial pH was adjusted to 3.0 using KOH pellets. Batches contained 2.5% (wt/vol) glucose as the sole carbon source. Aerobic cultivations with a working volume of 1 liter were sparged with 500 ml min Ϫ1 air. The initial batch fermentation was inoculated with an overnight shake flask preculture, and growth was monitored via constant off-gas CO 2 measurement. Off-gas was first cooled with a condenser (2°C) and then dried with a Perma Pure dryer (PD-625-12P) before CO 2 concentrations in the off-gas were measured with a gas analyzer (NGA 2000; Rosemount). When the concentration of CO 2 in the off-gas was Ն1.9% (mid-log to late log phase of growth), a computer-controlled peristaltic waste pump was triggered and about 90% of the culture was removed, leaving approximately 100 ml as an inoculum for the subsequent batch. Fresh growth medium was immediately added with another computer-controlled peristaltic pump connected to an electronic level sensor, which was set to a final volume of 1 liter. The cycle was repeated for a total of six sequential batches for each strain (sequential batch reactor). Specific growth rates for each batch were calculated based on continuous off-gas CO 2 measurements.
Enzyme assays. Cell extracts were prepared with a FastPrep120A machine (Thermo Scientific). Frozen samples (Ϫ20°C) were thawed at room temperature, washed, and resuspended in 2 ml ice-cold sonication buffer (100 mM potassium phosphate buffer, 2 mM MgCl 2 , pH 7.5), with a 1 mM final concentration of 1,4-dithiothreitol. One milliliter of cell suspension was added to safe lock tubes with 0.75 g of cold glass beads (G8772; Sigma). The tubes were placed in a FastPrep120A machine (Qbiogene) and shaken in four bursts of 20 s, at speed 6 (6.0 m/s), for efficient breakdown of the cell membrane. Samples were placed on ice between bursts. The unbroken cells and debris were removed by centrifugation for 20 min at 47,000 ϫ g, 4°C. The supernatant was stored on ice and used for determination of enzyme activities. Extracts were used to determine the activity of catalase in potassium phosphate buffer (pH 7.5), with hydrogen peroxide as the substrate (46) . The rate of H 2 O 2 disappearance was measured spectrophotometrically at 240 nm (U3010; Hitachi). The specific activity of this enzyme was expressed per milligram of soluble protein, and 1 U of enzyme activity corresponded to the decomposition of 1 mol substrate in 1 min. Protein determination for all cell extracts was carried out by the Lowry method (28) .
ROS determination. Yeast cells were grown overnight in synthetic medium, pH 6.0, with 2% (wt/vol) glucose as a carbon source (as described above). Exponentially growing cells were harvested, transferred into shake flasks containing various stresses, and grown for approximately 18 h. Growth conditions included synthetic medium at pH 3 (negative control) and identical media containing 0.5 mM H 2 O 2 (positive control) or 500 mM lactic acid. Urea was used as a nitrogen source to prevent further acidification of the growth medium (20) . After 18 h of growth, the pH of each flask was adjusted to 5.0 with KOH-H 2 SO 4 , and 30 ml of each cell suspension was then transferred to 30 ml of potassium phosphate buffer (pH 5.0). Next, 50 g of the ROS-sensitive fluorescent dye 5-(and -6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA; Invitrogen) dissolved in 100 l of absolute ethanol was added to each culture (29, 39) . Cells were incubated in a shaking incubator at 30°C for 2 h to allow diffusional entry of the dye and reaction with intracellular ROS. After 2 h of loading, 20-ml samples were removed and immediately placed on ice. Cells were harvested by centrifugation at 4,700 rpm, 4°C for 10 min, washed twice with ice-cold demineralized water, and resuspended in 2 ml water. The cell extracts were prepared as described above. Oxidized CM-H 2 DCFDA in the cell extract was detected using fluorescent spectrophotometry in a 96-well-plate format (Tecan, Austria), with an excitation wavelength of 492 nm and an emission wavelength of 530 nm. Black polystyrene flat-bottomed plates (Corning) were utilized for all measurements. The ROS value was expressed per milligram of soluble protein in the cell extract, as measured by the Lowry method (28).
RESULTS
The effect of lactic acid on the specific growth rate is strongest in aerobic cultures. The reference strain in this study was derived from the S. cerevisiae CEN.PK family but was altered by disruption of the CYB2 gene to eliminate possible aerobic consumption of lactic acid in order to maintain a consistent level of lactic acid stress at all times. In anaerobic, glucosegrown batch cultures, S. cerevisiae CEN.PK grows with a specific growth rate of 0.34 h Ϫ1 (27) , while the aerobic growth rate under identical conditions is slightly faster, at 0.37 h Ϫ1 (43). Moreover, respiratory dissimilation of glucose generates substantially more ATP than fermentative glucose metabolism. Based on these observations, one would expect that under conditions of lactic acid stress, maintenance of intracellular pH and export of the lactate anion/lactic acid should proceed more easily and the specific growth rate should be higher. However, duplicate aerobic batch cultures containing 500 mM lactic acid at pH 3 exhibited lower growth rates (average of 0.16 h Ϫ1 ) than cultures grown at the same lactic acid concentration and pH under anaerobic conditions (average of 0.25 h Ϫ1 ). The results of these initial batch cultivation experiments were later confirmed in a more tightly controlled and reproducible batch setup (see below).
We hypothesized that the differences in growth rates must be at least partially attributed to the prooxidant effects of weak organic acids (30) and lactic acid in particular (2, 3) .
Computer-controlled sequential batch cultures enhance reproducibility of lactic acid stress experiments. Although initial results using highly standardized shake flask precultivation and single-batch experiments were promising, the reproducibility of the specific growth rate from batch to batch was poor (data not shown). To eliminate the influence of minor variations in cell viability, phase of growth, and residual nutrients that may occur during precultivation, a computer-controlled sequential batch system was utilized (see Materials and Methods). The first batch, grown using an overnight shake flask preculture as the inoculum, consistently grew faster than the subsequent batches. Although we suspected that the initial batch grew faster because of the effects of the precultivation that did not include lactic acid, we did not study these effects any further and omitted these data from calculation of the average growth rate. By use of an automated system enabling inoculation of each batch with a consistent mid-log-phase culture, the standard deviation for the last five batches was very low ( Fig. 1 ; also see Fig. 3 ), and all reported values are representative of five sequential batch cultures (see Fig. 3 ).
In vivo evidence for lactate-mediated formation of ROS. To investigate whether lactate-mediated generation of ROS did indeed occur in aerobic batch cultures, intracellular concentrations of ROS were measured with the fluorescent dye CM-H 2 DCFDA (see Materials and Methods). Indeed, aerobic cultivation of the reference strain in the presence of lactate led to the enhanced formation of ROS (Fig. 2) . The relatively high ROS values obtained upon lactate addition may be attributed to the constant lactate concentrations which were ensured by the cyb2 deletion, which eliminates lactate metabolism. In comparison, hydrogen peroxide may be partially metabolized over time, resulting in a lower signal. It is also possible that the dye interacts differentially with the various forms of ROS (see Table 18 .3 in reference 22). Nevertheless, assays performed with the reference strain prove that ROS levels are significantly increased in the presence of peroxide and lactate.
Catalase overexpression partially alleviates aerobic lactic acid stress. If, as outlined in the introduction, lactate induces oxidative stress via catalysis of the conversion of H 2 O 2 to hydroxyl radicals by lactate-Fe 3ϩ complexes, reduction of intracellular H 2 O 2 concentrations may provide a defense strategy. However, in aerobic batch cultures grown on glucose, either in the absence or in the presence of lactic acid, catalase activity was below 1 U mg protein Ϫ1 . This result was anticipated based on the severe glucose repression of the CTT1 gene (9, 21, 34) , encoding cytosolic catalase.
To investigate whether cytosolic catalase might confer pro-FIG. 1. Typical CO 2 off-gas profile for fermentations of the reference strain in the sequential batch reactor system. The batch fermentor was emptied and refilled automatically when the CO 2 concentration in the off-gas was Ն1.9%. The specific growth rates (h Ϫ1 ) for each batch were calculated from the change in CO 2 production and are indicated above each peak.
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tection against lactate-mediated ROS formation, the promoter of the CTT1 gene was replaced by the strong and constitutive promoter of the glycolytic TPI1 gene. This genetic modification led to high specific activities of catalase (57 U mg protein Ϫ1 ) during batch cultivation in the presence of glucose. The effect of catalase overexpression on lactic acid stress was investigated by the sequential batch reactor system described above. The average specific growth rates from three independent trials of five batches for both the reference strain and the strain containing altered expression of CTT1 showed a small but highly significant positive impact of this engineering strategy (Fig. 3) . The overall average growth rate for all 15 batches was 0.16 Ϯ 0.01 h Ϫ1 for the reference strain and 0.20 Ϯ 0.01 h Ϫ1 when CTT1 was overexpressed. This represents an increase of approximately 25% in the specific growth rate, and the low standard deviations indicate that this change is statistically significant (t test, P Ͻ 0.0001).
To prevent the formation of the hydroxy radical, it is obviously important to limit the buildup of the immediate precursor hydrogen peroxide. Therefore, we expected that formation of the hydroxy radical, which is enhanced by lactic acid, should be limited as well and thereby result in decreased ROS levels in the presence of lactic acid. Although the fluorescent dye CM-H 2 DCFDA cannot discriminate between different ROS species (22) , the total intracellular ROS concentration in the catalase overexpression strain was lower than that of the reference strain when exposed to lactic acid (Fig. 2) .
DISCUSSION
The increased levels of intracellular ROS in lactic acidstressed aerobic cultures (Fig. 2) and the significant positive effect of cytosolic catalase overexpression (Fig. 3) prove that lactic acid induces oxidative stress in S. cerevisiae. These results are in agreement with work performed with sod mutants, which showed aerobic sensitivity to organic acids that was relieved under anaerobic conditions (30) . Although genes involved in ROS scavenging and detoxification have previously been implicated in tolerance to organic acids (6, 25, 35, 47) , to our knowledge this is the first direct proof that aerobic organic acid toxicity and the resulting decreased aerobic growth rates are at least partially mediated by ROS formation.
The protective effect of catalase overexpression is fully consistent with the proposal, based on in vitro research, that lactate-Fe 3ϩ complexes catalyze the conversion of hydrogen peroxide into hydroxy radicals via the Fenton reaction (2, 3). However, since the method used for measuring intracellular ROS levels did not discriminate between different ROS species, we cannot rule out the possibility that lactic acid increases the formation of, for instance, superoxide or hydrogen peroxide via other mechanisms. Although catalase does not act directly on superoxide, the equilibrium between hydrogen peroxide and superoxide combined with decreased levels of hydrogen peroxide may effectively pull the SOD reaction toward hydrogen peroxide formation. Overexpression of SOD appears to provide a logical approach to investigate the role of superoxide in lactate-mediated oxidative stress and to protect S. cerevisiae against such possible effects. However, in contrast to catalase, SOD is present at high levels in nitrogen-limited, glucose-grown aerobic chemostat cultures (37) and even in glucose-grown aerobic batch cultures (13) . Moreover, the effects of SOD overexpression in S. cerevisiae are ambiguous and dependent on copper concentrations and/or the activity of the copper chaperone Ccs1p (19) . Attempts in our laboratory to achieve combined overexpression of CTT1 and different SOD constructs were unsuccessful, as we could not confirm significantly enhanced SOD activity (data not shown).
In a recent study, Branduardi et al. (6) reported a protective effect of ascorbic acid, produced via the integration of a heterologous pathway, on lactate stress in S. cerevisiae. While their results are fully consistent with those reported in the present study, the introduction of a heterologous pathway may have some disadvantages in industrial applications compared with the overexpression of native defense mechanisms (such as CTT1) against oxidative stress. In addition to the increased complexity, the production of ascorbic acid as a stress protectant may lead to a loss of substrate carbon for its formation and for redox balancing. The present study has clear implications for metabolic engineering and process design of S. cerevisiae for the production of lactic acid and other organic acids. It provides a strong incentive for developing strains that are capable of anaerobic lactic acid production. At the same time, it identifies oxidative stress as a key factor in metabolic engineering and process design for yeast-based production of lactic acid. Further efforts to quantitate the role of individual oxygen radicals and defense mechanisms will contribute to directing further metabolic engineering. Such studies should take into account that ROS detoxification in S. cerevisiae is a complex and often redundant network of enzymatic and nonenzymatic reactions (38) that can influence cellular processes ranging from metal homeostasis (10), redox metabolism (14) , and cell signaling (24) to programmed cell death (16, 17) . Thus, altered expression of the enzymes involved may have far-reaching effects and unexpected outcomes.
